Introduction
Targeted therapy represented by the 1 st EGFR TKIs represents an important historical event in the history of non-small cell lung cancer (NSCLC) treatment and marks the advent of personalized therapy for the precise treatment of tumors. Epidermal growth factor receptor (EGFR) kinase inhibitors, such as gefitinib and erlotinib, have demonstrated efficacy in NSCLC patients with EGFR-sensitive mutations [1, 2] . Compared with chemotherapy, 1 st EGFR-TKIs is well tolerated, can prolong patient progression-free survival (PFS) and can effectively improve the quality of life of patients [3, 4] . Despite the high efficacy, most patients acquire resistance to TKIs after 9e13 months of treatment [5] . In the Western population, resistance mechanisms and corresponding treatment strategies have been well studied [6, 7, 8, 9, 10, 11] , but corresponding work is lacking for the Chinese population.
The main challenge for individualized treatment of cancer is tumor heterogeneity. Although the heterogeneity of NSCLC has been well studied [12, 13] , the quantitative impact of tumor heterogeneity on treatment remains an interesting topic. For patients with advanced NSCLC, due to the limitations of traditional tissue biopsy methods and deficiencies of previously used clinical mutation detection methods, we lack a clear and effective method to obtain more comprehensive somatic mutation information in NSCLC patients to show the multidrug resistance mechanism and characterize the detailed relationship between multidrug resistance mechanisms and the 1 st EGFR-TKIs clinical response and PFS. There is also a lack of effective and quantitative methods to study the dynamic relationship between the mutation frequency (VAF) and changes in tumor volume to guide treatment. In this situation, precise treatment of NSCLC has not been completely resolved.
The analysis of circulating tumor DNA (ctDNA) based on next-generation sequencing (NGS) technology has many advantages over tumor tissue biopsy. First, unlike tissue samples, mutational information obtained from ctDNA is derived from almost all tumor subclones in tumor tissue. Second, by dynamically tracking patient prognosis information, it is easy to monitor the evolutionary status of tumor clones.
Finally, the sampling process is minimally invasive [14] . Here, we used the highsensitivity and high-specificity mutation detection method from ctDNA proposed by Aaron et al. [15] to study the mechanism of EGFR-TKI resistance. We dynamically monitored the ctDNA mutation spectrum in 53 Chinese patients with advanced NSCLC and integrated their complete clinical treatment information.
Our research shows that the ctDNA mutation spectrum obtained from multiple follow-ups can enable studies of the dynamic changes in different tumor subclones and identify the factors that influence and regulate the evolution of tumor clones.
Our study found that the mutated profile of tumors after first-generation EGFR-TKI treatment obtained by liquid biopsy was consistent with the large change trend of the mutation profile obtained through tissue detection in the past. However, for the first time, we observed in depth the complex dynamic changes in the composition and proportion of tumor subclones in patients with NSCLC. It was found that this change was determined to some extent by the patient's baseline mutation profile and affected the treatment effect and prognosis. Furthermore, we discovered new possible resistance mutations that warrant further investigation. The methods, research ideas and results proposed in the current study provide new insights into the resistance mechanism of 1 st EGFR TKIs therapy from the perspective of clonal evolution and provide practical clinical treatments for the targeted therapy of NSCLC patients.
Materials and methods

Patient enrollment and sample preparation
From May 2014 to July 2017, 53 patients with NSCLC at Shanghai Pulmonary Hospital were enrolled in this study approved by Medical Ethics Committee of Shanghai Pulmonary Hospital and provided informed consent. A follow-up information management system for lung cancer was used for standard follow-up. All patients had EGFR drug-sensitive mutations and received 1 st EGFR TKIs treatment when they entered the group and developed resistance. Baseline specimens with tumor content greater than 50% were collected from lung cancer tissues, pleural effusions, and tumor aspiration fluids. Peripheral blood samples from each patient were collected at the time of drug resistance. Among them, the blood cfDNA samples of 21 patients were collected every two months, followed by the performance of dynamic cfDNA series monitoring until the disease progressed. All blood samples were subjected to capture sequencing in real-time. The captured target gene panel was designed by Smartquerier Co., Ltd. and involved 124 tumor-associated genes (Supplementary Table 1 ). The sequencing instrument was from the Shanghai Academy of Sciences, and the platform used was Illumina HiSeq X10. The average sequencing depth was greater than 10000Â.
Computed tomography and tumor volume assessment
The clinical staging of patients was performed using chest CT, whole-body bone scans, brain MRI, and abdominal ultrasound. Laboratory tests included serum tumor marker measurements. All patients who received 1 st EGFR TKIs therapy were followed up for one month after the start of treatment and then every two months. A medical doctor who was blind to the initial CT report reviewed all CT scans. The 1 st EGFR TKIs efficacy evaluation (Progressive Disease: PD; Stable Disease: SD;
Partial Response: PR) was determined according to the RECIST 1.1 standard [16] . PD is defined as sum of the longest diameters (SLD) increased by at least 20% from the smallest value on study; PR is defined as at least a 30% decrease in the SLD of target lesions, taking as reference the baseline sum diameters; SD is defined as neither sufficient shrinkage to qualify for PR nor sufficient increase to qualify for PD. The tumor volume was determined from the CT scan of the tumor, the maximum tumor diameter was recorded as the length, the corresponding maximum vertical diameter was recorded as the width, and the tumor volume was calculated using the following expression: length*width*width/2 [17, 18] .
Baseline mutation detection
Genomic DNA was extracted from baseline samples using the AmoyDx DNA/RNA kit. The somatic mutation test was performed using the AmoyDxÒ Assay Kit (detection resolution: 1%). The somatic mutations tested included 29 common EGFR mutations, 7 common KRAS mutations, and ALK fusions, ROS1 fusions, and BRAF p.V600E.
DNA extraction
The patient's tumor samples and peripheral blood were collected in BCT (Streck) without cellular DNA contamination. Plasma was separated by centrifugation at 2,500Âg for 10 minutes, transferred to a microfuge tube, and centrifuged at 16,000 Âg for 10 minutes to remove cell debris, and then peripheral blood leukocytes were obtained. Genomic DNA was isolated from the obtained peripheral blood leukocytes using the QIAamp DNA Blood Kit (Qiagen). Circulating free DNA was isolated from 3-5 mL of plasma using the QIAamp Circulating Nucleic Acid Kit.
Gene library preparation and sequencing
Indexed Illumina NGS libraries were prepared from plasma DNA and germline genomic DNA. For patient plasma DNA, 20e30ng of DNA was used for library construction without additional fragmentation. For germ cell genomic DNA, 200e1000ng of DNA was fragmented using the Covaris instrument and recommended fragment length setting of 200bp, and then library construction was performed.
An NGS library was constructed using the KAPA library preparation kit (Kapa Biosystems). Agencourt AMPure XP beads (Beckman-Coulter) were used to purify the extracted DNA. A 100-fold mole excess of ligation Illumina TruSeq adaptors was used for ligation at 16 C for 16 hours. By adding 40mL (0.8Â) PEG buffer to enrich the ligated DNA fragments, and then single-step size selection of DNA fragments was performed. The ligated fragments were then amplified using 500nM of Illumina backbone oligonucleotides and 4e9 PCR cycles based on the input DNA mass.
The library concentration was assessed by Qubit and Qpcr. The fragment length was determined on a 2100 bioanalyzer using the DNA 1000 kit (Agilent). The library uses a customized NimbleGen SeqCap EZ Choice Library for hybridization selection. Eight and ten indexed Illumina libraries were included in single-capture hybridization. After hybridization selection, the captured DNA fragments were mixed with 50mL of KAPA HiFi Hot Start Ready Mix (1Â) and 2mM of Illumina backbone oligonucleotides, and PCR was performed after 4 to 6 independent 12-to 14-cycle PCR, and the product was then pooled and subjected to the QIAquick PCR Purification Kit (Qiagen). Finally, 2 Â 150 bp pair-end sequencing of the acquired multiple libraries was performed using Illumina HiSeq X10.
Analysis of sequencing results
The paired reads were aligned to the hg19 reference genome using the BWA (V0.7.15-r1140)-mem [19] command and were ranked and indexed using SAMtools (V1.3) [20] . QC uses a customized Python script to evaluate the various statistics collected, including comparison features, read quality, and panel capture efficiency.
Based on IDES analysis flow [15] , we developed virtual barcode based algorithm for variant calling. Briefly, our calling algorithm utilized a novel platform-independent virtual barcode (start þ template length) strategy to cluster sequence reads into corresponding virtual consensuses that could eliminate random read-level errors, followed by constructing distribution to polish stereotypical background artifacts.
And three fine tuning filters applied to remove stochastic consensus level variants. [22] , gene fusion was detected using FACTERA [23] , CNV was detected using CNVkit [24] , and the found mutation was annotated using ANNOVAR [25] . p.T790M negative. Differences between survival curves were analyzed using the log-rank test. In addition, the median survival time for different groups was calculated. A Cox proportional hazards regression model containing all measured covariates was constructed, and the hazard ratio (HR) was calculated to assess the importance of EGFR p.T790M and other covariates for progression-free survival.
Estimation of the tumor volume contribution by EGFRÀ/À subclones in EGFR p.T790M-positive patients
Of the 53 patients enrolled, 20 developed T790M with drug-responsive mutations, among whom only 12 patients had measurable tumor foci. To obtain reliable statistical estimates of the EGFRÀ/À tumor volume in patients with EGFR p.T790M mutations, we added another six patients with EGFR p.T790M mutation and corresponding drug-sensitive mutations who met the inclusion criteria at resistance. We assumed that the contribution to the size of the patient's tumor tissue came from two tumor subclones, EGFRÀ/À and EGFRþ/þ. Here EGFRÀ/À subclones represented subclones with no EGFR activating mutation and EGFR p.T790M mutation while EGFRþ/þ represented subclones with EGFR activating mutation and EGFR p.T790M mutation. To calculate the contribution of the EGFRÀ/À subclones to the tumor volume, we first calculated the relationship between the VAF of EGFRsensitive mutations and tumor volume in the progression of 12 patients and found significant linearity between the tumor volume of these patients and the VAF of the EGFR-sensitive mutation. The linear relationship (y ¼ 0.73103x -0.55195) was then verified in 6 patients who later enrolled in this study, and the tumor volume at the time of drug resistance was simulated. Thus, the contribution of EGFRþ/þ tumor subclones to the tumor volume was obtained. Finally, the true tumor volume minus the simulated tumor volume yields the contribution of EGFRÀ/À tumor subclones to the patient's tumor volume.
Other statistical analysis
Using the formula VAF/EGFR amplification*2 to adjust the VAFs of the EGFR point mutations, the adjusted VAF of EGFR mutation was then used for subsequent analysis. Pearson similarity was used to calculate the linear relationship between the VAF of the T790M mutant and VAF of the drug-sensitive mutation. In addition,
Fisher's exact test and the KolmogoroveSmirnov test were used to test the clinical distribution of baseline mutations between the EGFR p.T790M positive and negative groups, respectively, and the similarity of the resistance pattern between the two groups of EGFR-drug-sensitive mutations (EGFR p.19del vs. EGFR p.L858R).
All survival times and HRs in this study were calculated with their corresponding 95% CI values. All statistical tests were two-sided tests, and P < 0.05 indicates that the difference was statistically significant. All statistical analyses were performed using the R 3.3.0 toolkit.
Results
Baseline clinical and molecular characteristics of the patients
Fifty-three Chinese patients with advanced non-small cell lung cancer participated in our project. Their average age was 60 years. All patients had a clinical response to gefitinib (n ¼ 28), erlotinib (n ¼ 4), and icotinib (n ¼ 21). We assessed tumor size changes in 46 patients with imaging data, 34 of who had measurable tumor foci after drug resistance. According to the drug response assessment (RECIST 1.1) manual standard [16] , all 34 patients developed a strong drug resistance response (Fig. 1A) . Among the 53 patients, 66.4% were treated with first-generation EGFR-TKIs as the first-line treatment. The median time to progression of 1 st EGFR TKIs treatment was 7.4 months and ranged from 1.30 to 33.80 months.
The baseline mutation profiles were detected in paraffin sections, tumor puncture samples, pleural effusions, and peripheral blood samples from all 53 patients (all samples were tested on the same platform and same gene target panel for mutation profile), among whom 8 also had cfDNA baseline mutation profiles measured using the NGS technique. During the entire course of treatment, the average number of cfDNA sampling was 1.86 in all patients, ranging from 1 to 6 times, and each patient had at least one available mutation profile from ctDNA at the time of progression, which was summarized in Fig. 1B . The baseline drug-sensitive mutations detected in this study were EGFR p.19del and EGFR p.L858R, accounting for 67.92% and 32.08%, respectively. This baseline percentage was similar to that in previous studies [26, 27] . In addition, one patient was associated with EGFR L861Q and MET 14 skip mutations, one patient had both EGFR p.19del and EGFR p.L858R mutations, one patient had both EGFR p.19del and ALK fusion mutations, and one patient had both C-MET and EGFR p.L858R mutations. Other detailed clinical features are shown in Table 1 .
CtDNA mutation profile and mutation load analysis
Among 53 pathologically confirmed NSCLC patients, the mean number of mutated genes was 3.79 in all cases and 7.13 for non-synonymous mutations. The number of mutations was significantly higher in 3 patients (P15, P16, P20) than in other patients ( Fig. 2A) . Of all the mutated genes, EGFR was the most commonly mutated gene, followed by TP53, PDGFRA and BRCA2. In addition, the frequency of other common drug resistance genes such as KRAS, NRAS, PIK3CA, ERBB2, MET was also higher in our patients (Fig. 2B ), a finding that was consistent with previous study results in European and American patients [7] . Next, distribution of base substitution types of non-synonymous mutations was explored. Result showed that the dominant substitution types were C to T and G to A instead of substitution type: G to T caused by DNA damage [15] (Fig. 2C ). This result was also consistent with previous study results and provided side-by-side support for the credibility of our acquired mutation data. After annotating the types of mutations, although TP53, PDGFRA, and KIT accounted for a high proportion of all mutations, no high-frequency repetitive mutations were found in these genes, suggesting that the somatic variation in these genes might not contribute much to drug resistance.
Most of the high-frequency repeated mutations were located in EGFR, KRAS and NRAS (Fig. 2D) . In addition to the repeated EGFR p.T790M mutation and corresponding EGFR drug-sensitive mutation (EGFR p.19del, EGFR p.L858R) in EGFR, KRAS and NRAS, other high-frequency repetitive mutations were EGFR p.V769M, EGFR p.L747S, NRAS p.G60R and KRAS p.A11V (Fig. 2D ). To our knowledge, KRAS p.A11V and EGFR p.V769M have not been previously reported.
Among all patients, EGFR p.V769M was acquired in four patients at resistance (P5, P48, P61, P57), and only one patient had P57 with the EGFR p.T790M mutation, indicating that there was no obvious correlation between the EGFR p.V769M mutation and drug-resistant mutation EGFR p.T790M, which belonged to two different tumor subclones. KRAS p.A11V mutations have been reported in gastric tissues and cancers and in hematopoietic and lymphoid tissues [28] . Three of the studied patients had this KRAS p.A11V mutation, but the mutation profiles were different; one had EGFR p.T790M (P57), one had a EGFR point mutation but no EGFR p.T790M (P48), and one had no EGFR mutation (P44), indicating no significant correlation between the KRAS p.A11V mutation and drug-resistant mutation EGFR p.T790M. Moreover, these mutations belonged to three different subclones. Furthermore, compared with the ctDNA mutation pattern before drug resistance ( Fig. 3A for   P5 ; Fig. 3B for P61 ; Fig. 3C for P48 ; Fig. 3D ,E for P44), EGFR p.V769M and KRAS p.A11V were demonstrated to be acquired resistant mutations. Based on this observation, we suggested that these two new acquired mutations may be related to new drug resistance mechanisms and deserved further study. Based on tissue biopsy technology, the NSCLC acquired resistance mechanism study showed that the acquired EGFR p.T790M mutation is the most common mechanism of drug resistance, accounting for 40e50% of drug resistance cases [7] . We also obtained similar results from cfDNA samples from 53 NSCLC patients, with the EGFR p.T790M mutation accounting for 45.28% (Fig. 4A) . In addition, our data showed two other high-frequency mutations that are significantly different from those in a previous study: EGFR point mutations (20.75%; Fig. 4A , pink wedges) and KRAS/NRAS point mutations (15.09%; Fig. 4A 3.7%), one of which was also associated with the EGFR p.T790M mutation. Previous studies based on Western populations have reported one patient with sensitive mutations of MET amplification with EGFR p.L858R after drug resistance [10] . A similar patient (P67) also appeared in our Chinese population. In addition,
ERBB2 amplification occurred only in one patient (P34: 4.23; 1.8%). In general, our ERBB2 and MET amplification ratios were lower than those in previous studies [7] .
The 1 st TKI resistance studies showed that there are seven major drug resistance genes: EGFR, KRAS, NRAS, MET, ERBB2, PIK3CA, and BRAF [7] . Our study showed that in 53 patients, 49 acquired mutations occurred in at least one of the seven genes, with a proportion as high as 92.45%. According to the grouping of the 7 genes involved in the mutation, when resistant, 32.65% of 49 patients had acquired mutations in 2 or more genes, 24.49% had acquired a single mutation of a single gene, and 42.86% had acquired multiple mutations of a single gene (Fig. 4B ).
The proportion of drug-resistant mutations detected in this study was higher than those of previous tumor biopsy studies [8] , indicating that liquid biopsy can obtain more comprehensive information than tissue biopsy when detecting resistance mutations. VAF values of all nonsynonymous mutations and the copy number change (CNA) of 49 patients in 7 resistant genes ranged between 0.045% and 91.64% (Fig. 4C) . Among the 49 patients, we found that the mutation burden of these 7 drug resistance genes was significantly higher in 3 patients (P15, P16 and P20; Fig. 4C , marked red) than in the other patients. Compared with their own baseline mutation profiles (Supplementary Table 1 ), P15 and P20 acquired EGFR p.T790M mutations and other mutations in KRAS and NRAS, while P16 acquired mutations in EGFR, KRAS, NRAS, PIK3CA, MET, and ERBB2. The clinical response to 1 st TKI treatment in these patients was poor, and pleural effusions recurred during treatment (PD and SD; Fig. 5 ). Clinically, their prognosis was significantly poor, and drug resistance developed rapidly. The above results indicated that the effect of treatment on NSCLC patients with 1 st EGFR TKIs depended to some extent on the mutation number and the coverage and complexity of the mutation load on the major drug resistance genes. In other words, this effect depended on the complexity and dynamic evolution of the subclone of tumors. The lower the mutation load was, the simpler the subclone composition and evolution pattern and the better the prognosis would be. 
Two patient groups and mutation profiles of EGFR
Previous studies have shown that patients with EGFR p.L858R mutations detected in tumors and plasma have significantly shorter PFS [27, 29] . The same trend was also found in our clinical data (Fig. 6A, 4 .1 months 95% CI: 3.1 to 13.4 and 10.7 months: 95% CI: 7.07 to 17.4; P ¼ 0.004). In addition, we found that patients with the EGFR p.19del baseline mutation had a better 1 st TKI clinical response than patients with the EGFR p.L858R baseline mutation (Fig. 6B, P ¼ 0.034) . This difference in PFS and 1 st EGFR TKIs responses also affected the mutation profiles of the two baseline patient groups. By directly comparing the resistance mutation profiles of the two patient groups after drug resistance (Fig. 6C for EGFR p.19 del; Fig. 6D for EGFR p.L858R), although both groups had similar overall mutation profiles (P ¼ 0.99), the highest-frequency mutations were located in the EGFR gene in both groups. However, the EGFR mutation load was significantly higher in the EGFR p.19del group than in the EGFR p.L858R group (23.9% vs. 14.9%). Specifically, the percentage of EGFR p.T790M mutations in patients with EGFR p.19del baseline mutations was significantly higher than that of EGFR p.L858R baseline mutations (62.1% vs. 19.3%, P ¼ 0.007; Fig. 6E ). Whether or not the EGFR baseline mutation spectrum determines the occurrence of EGFR p.T790M acquired mutations has been controversial in previous studies [26, 30, 31] , so we further calculated the clinical covariates of the EGFR p.T790M group and non-EGFR p.T790M group and found that the type of baseline mutation in the patient did indeed determine the occurrence of the EGFR p.T790M mutation to a large extent. Our clinical data showed that in patients with a better prognosis, the incidence of acquired mutations of EGFR p.T790M was higher (the proportions in the EGFR p.19del
and EGFR p.L858R groups were 62.1% and 19.3%, respectively; P ¼ 0.007).
From the above perspective, by analyzing the baseline mutation profiles of NSCLC patients, we could know the dynamic evolution of tumor subclones during 1 st EGFR TKIs treatment, and then it could be possible to predict the therapeutic effect of 1 st EGFR TKIs. In addition, we found a significant difference in the baseline mutations in other genes between the two groups ( Fig. 6C and D) . For example, the frequency of KRAS and NRAS mutations was significantly higher in the 19del patient group than in the L858R patient group (8.8% vs. 5.8%).
Our data showed that the patients had the highest frequency of EGFR mutations.
Forty-two patients had EGFR mutations (Fig. 7A) . Some of the mutation patterns have previously been reported: EGFR p.T790M (24 patients), EGFR p.L747S (2 patients) [32] , EGFR p.T854A (1 Patient) [33] , and one EGFR exon insertions (1 patient) [33] . In addition, 3 of 4 EGFR CNA-amplified patients (P22, P53, P56 and P67) were simultaneously associated with acquired EGFR p.T790M mutations (P22, P53 and P56) (3.77%; Fig. 4A : dark blue wedges). Most of the baseline drug-sensitive mutations persisted after drug resistance. Compared with the group without the EGFR p.T790M mutation, sensitive mutations appeared at high frequencies in the EGFR p.T790M-containing group (Fig. 7A is separated by a dash-dark purple line; 52.6% vs. 87.5%, P ¼ 0.0032; Baseline drug sensitive mutations were marked in red). This phenomenon has also been reported in previous studies [10] . In addition, based on the feature of the quantification of mutated profiles by NGS-based ctDNA detection, we found for the first time that there was a significant linear relationship between the VAFs of the EGFR p.T790M and drugsensitive mutations observed during the stage of drug resistance (y ¼ 1.0709x þ 5.8622; r ¼ 0.68, p ¼ 0.00025, Fig. 7B ).
The reasons were as follows: 1) patients with the EGFR p.19del baseline mutation had a better clinical response than those with the EGFR p.L858R baseline mutation to 1 st EGFR TKIs, 2) after drug resistance, drug-sensitive mutations occurred at a high frequency in patients with EGFR p.T790M mutations, and 3) the clinical data showed that in patients with a better prognosis, the incidence of acquired EGFR p.T790M mutations was significantly higher (Fig. 6F) . Combined with the observed significant linear relationship between the VAFs of the EGFR p.T790M
and drug-sensitive mutations, we concluded that the existence and evolution of EGFR p.19del/p.L858R þ EGFR p.T790M subclones suggested not only that 3 rd EGFR TKIs therapeutic agents could be used for the subsequent treatment of patients who develop resistance but also that 3 rd EGFR TKIs could be used as biomarkers to evaluate the efficacy of 1 st EGFR TKIs therapy. Fortunately, our data showed that after 1 st EGFR TKIs treatment, T790M-resistant mutations occurred in more than 50% of patients, and most of them also had EGFR p.19del/p.L858R mutations (71.42%, Fig. 7A ). These patients not only had a good prognosis after 1 st TKI treatment but also received follow-up treatment with 3 rd TKI.
Finally, we investigated the correlation between disease phenotypes and mutation profiles during cancer treatment and found that the VAF of EGFR p.T790M was not associated with the tumor volume when resistant (r ¼ 0.22, P ¼ 0.48; Fig. 7C ). The clinical data also showed that during treatment, tumor progression seems unlikely to be associated with the drug resistance caused by the T790M mutation. However, due to the significant linear relationship between activating mutation and acquired T790M and validation of same allele harboring T790M and activating mutation by previous research [34] , we discovered two major tumor clones, namely, clone EGFR þ/þ (activating mutation and EGFR p.T790M; The results showed that the EGFR À/À tumor clone appeared to play a more important role in tumor resistance than the EGFR þ/þ clone and that the EGFRÀ/À tumor clone has a greater impact on prognosis. Follow-up treatment data also support our conclusions (Supplementary Table 3 , 87.5% PR response in EGFR þ/þ). In advanced patients, we found that patients with a predominant EGFRÀ/À clone had a worse prognosis than those with EGFR þ/þ clones (Supplementary Table 3, 0.0% PR response in EGFR À/À ).
3.4.
Multitime ctDNA dynamic analysis shows spatial and temporal diversity of the EGFR p.T790M mutation
Because cfDNA sampling had a minimally invasive advantage, the cfDNA liquid biopsy technique can play an important role in dynamically monitoring the tumor state and has significant clinical value [18] . Here, through dynamic tracking and multi-time cfDNA analysis, we obtained interesting cases that showed the temporal and spatial diversity of multiclonal evolution in tumor tissues throughout 1 st EGFRTKIs treatment and could help us make appropriate treatment decisions.
In these cases, P50 did not acquire EGFR drug-sensitive mutations prior to enrollment. Chemotherapy was her first-line treatment option. After resistance to chemotherapy developed, the resulting ctDNA mutation profile showed that the patient developed EGFR p.19del (Fig. 8A green line) drug-sensitive mutations. When the tumor was resistant to 1 st EGFR-TKI treatment (black dashed line in Fig. 8A ), P50 acquired the KRAS p.G12C mutation [35] (VAF ¼ 0.0023, Fig. 8A blue line), while the EGFR p.19del mutation disappeared. At this stage, although there was no major change in the tumor volume (1.7 cme1.71 cm), bone metastases occurred in P50. Chemotherapy was then used again as a third-line treatment, and the ctDNA mutation profile was captured again after the third-line chemotherapy. Finally, we captured EGFR p.T790M (Fig. 8A red line) follow-up detections, the EGFR p.T790M mutation was finally detected (Fig. 8C , red line). The condition of P5 was different, showing spatial and temporal complexity of the EGFR p.T790M mutation. EGFR-TKI was used as adjuvant treatment for surgical removal of the right lung mass. After 2 months of treatment, the ctDNA mutation profile showed that the VAF of EGFR p.L858R was reduced to zero. At the advanced stage, no EGFR p.T790M and drug sensitivity mutations were found. However, when a new metastatic lesion appeared in the left lung, the EGFR p.T790M mutation appeared, with a VAF of 0.00122 (Fig. 8D, red line) and prompted the intervention of the 3 rd EGFR TKIs targeted therapy. In these four cases, ctDNA mutation monitoring provided a basis for subsequent accurate treatment of NSCLC patients.
The other two patients (P20, P49) showed that the appearance of the EGFR p.T790M mutation was earlier than that of clinical drug resistance, and the EGFR drug-sensitive mutations in P20 occurred alternately, indicating the time complexity of tumor polyclonal evolution during 1 st EGFR-TKIs treatment. P20
developed an EGFR p.T790M mutation early in treatment with a VAF of 0.0017. Multiple subsequent EGFR drug-sensitive mutations occurred successively during treatment. The tumor subclone containing the EGFR p.19del mutation first disappeared, the VAF decreased to 0, another tumor subclone carrying the EGFR p.A839T mutation began to appear, and the VAF of the EGFR p.A839T mutation decreased from 0.00174 to 0.0016 and then decreased to zero (Fig. 8E , dark red line). Immediately following the reappearance of tumor subclones containing the EGFR p.19del mutation, the VAF increased from 0 to 0.0118 and then increased to 0.0968 (Fig. 8E, green line) . At the same time, subclones of the tumor containing the EGFR p.T790M mutation appeared, and the VAF increased to 0.0434 ( Fig. 8E red line).
For P49, we analyzed ctDNA data from four monitoring sites before drug resistance.
The EGFR p.T790M mutation occurred at the third and fourth detection time points
with VAF values of 0.0025 and 0.0015, respectively, and the time at which the clinical drug resistance occurred coincided with the time of the fourth test (Fig. 8F) , indicating that the time of appearance of the clinical resistance phenotype after 1 st TKI treatment was not completely consistent with the time of appearance of the EGFR p.T790M mutation.
These examples showed that ctDNA technology could clearly reveal the complex dynamic spatiotemporal diversity of tumor clones and that the dynamic information obtained was of great significance to enable correct treatment decisions after EGFR-TKI resistance.
Discussion
In this work, we used a NGS technology based cfDNA liquid biopsy technique for 53 Chinese patients with NSCLC to study their resistance mechanism after treatment with 1 st EGFR TKIs. This is a liquid biopsy study of the drug resistance mechanism of NSCLC with the largest sample size in China so far. Our research shows that the mutation spectrum presented by Chinese NSCLC patients in drug resistance covers almost all reported resistance mutations based on tissue samples and has similar frequency of mutations. It shows that the liquid biopsy technique is feasible and reliable in obtaining effective tumor mutation data. In addition, our study shows that liquid biopsy can better overcome the incompleteness of the data obtained due to tumor heterogeneity. Further, due to the non-invasive advantages, we can see from this study that liquid biopsy technology can conveniently and long-termly obtain the prognosis-associated mutation spectrum of patients, thus giving detailed information on the composition and evolution of tumor clones.
Not surprisingly, our data show that the greatest contribution to drug resistance still comes from secondary EGFR p.T790M point mutations, consistent with previous studies, ranging from 40% to 63% [7, 8, 10] . What is worth proposing is some newly discovered inconsistencies. Compared with previous work, in addition to the common resistance mechanisms, our data also showed some inconsistent results. Sequist, L.V proposed PIK3CA (5%) as a drug resistance gene, accompanied by T790M point mutation, EGFR amplification and small cell lung cancer (SCLC) transformation [10] , Yu, H.A observed in his work a higher frequency of MET amplification and SCLC transformation accompanied by a T790M point mutation.
None of them detected PIK3CA, KRAS, NRAS, ERBB2 and infrequent EGFR point mutations [8] . In our patients, we detected high-frequency point mutations in KRAS and NRAS and EGFR. The MET amplification in our cohort was found only in two patients (3.77%), one of who was accompanied by a T790M point mutation.
In other studies, the frequency of MET amplification was generally less than 15e20% [36, 37] . A few studies support this result. Previous two prospective studies get the similar results (2 of 37; 4 of 75 [8, 10] ). We cannot easily explain this lower than expected mutation frequency, and an accurate percentage of MET amplification require further larger patient cohort assessments. EGFR p.T790M point mutation was the second large resistance mutation (33.9%). A review showed that 1%e2% other point mutation in EGFR were emergent in the process of drug resistant to 1 st EGFR TKI treatment in some cases of cohort study [7] . Previous Taiwan cohort study also shows a high frequency of other point mutations in EGFR [38] .
Another important feature of this study is the deep integration of disease phenotype information and liquid biopsy data. The integration of patient clinical information and genomics data enables us to conduct supervised data analysis and clearly describe the evolutionary process of different tumor clones and their relevance to drug resistance. We have found that in the course of drug resistance, the complexity and spatiotemporal diversity of tumor clones determine the efficacy and prognosis of treatment, the composition and competitive evolution of tumor clones have a decisive influence on treatment, and the competitive evolution of tumor clones can be adjusted by targeted drugs and chemotherapy. These findings may have new implications for the clinical treatment of patients with NSCLC.
In the drug resistance process, for most Chinese patients, there exist two major tumor clones, EGFRÀ/À (activating-and T790M-) and EGFRþ/þ (activatingþ and T790Mþ). The competitive evolution of these two tumor clones, which cause complexity of the resistance mechanism and the uncertainty of the prognosis. Our experiment data and calculations show that the contribution of tumor clone anchored with EGFRÀ/À to drug resistance and prognosis is significantly worse than that of tumor clone with EGFRþ/þ for third generation TKI therapy.
It shows that it is important to adjust the treatment according to tumor clone constitution [10] . If we further subdivide, some of the tumor sub-clones can be found in the stage of drug resistance. Of them three important sub-clones were found, these sub-clones are in addition to be anchored with an common novo mutation KRAS A11V, one with EGFR p.T790M point mutation, one with EGFR point mutation without T790M, one without any EGFR mutation. Based on this observation it looks like a new tumor clone anchored with KRAS p.A11V point mutant appear significantly. Another sub-clone anchored with a new EGFR p.V769M point mutation has been also found in the process of drug resistance.
Previous research showed EGFR p.V769M was acquired in only one Chinese patient [38] . In our study EGFR p.V769M was appeared in four patients and only one with T790M mutations (P57). In our view, these two novo mutations are likely to be associated with a new drug resistance mechanism and are worth further study.
